H ematopoietic stem cells (HSCs) are rare cells, defined by two major properties: lifelong self-renewal, and differentiation capacity to all mature hematopoietic lineage cells (1, 2) . To ensure HSC pool homeostasis, it is believed that upon cell division, HSCs generate on average one functional HSC, whereas the other offspring cell might undergo a highly organized program of differentiation and cellular expansion, during which multiple lineages of committed progenitors and, ultimately, terminally differentiated cells are produced.
Mouse hematopoiesis has been extensively studied during the past decades, leading to the identification and functional characterization of immunophenotypically defined cellular populations, highly enriched in stem and progenitor cells in vivo (2) . However, prospective experimental in vivo studies of human lifelong hematopoiesis have been limited by obvious practical and ethical restrictions.
To circumvent this limitation, several substitute, xenogeneic transplantation models for in vivo human hematopoiesis studies have been developed (3) . Of these models, transplantation of human hematopoietic cells into immunodeficient mice has been broadly established in experimental hematopoiesis laboratories (3) (4) (5) (6) (7) (8) . The models most commonly used today rely on the BALB/c Rag2 −/− γ c −/− or NOD-SCID γ c −/− strains of mice (9) (10) (11) . Both strains are highly immunodeficient, lacking B, T, and NK cells, and their genetic background is permissive for human hematopoietic engraftment and differentiation. Upon human CD34 + hematopoietic stem and progenitor cell transplantation, most human hematopoietic populations (including B cells, T cells, monocytes, dendritic cells, erythrocytes, and platelets) can develop and are detectable in these models (7, 8, (10) (11) (12) . However, in those chimeric animals, there is a bias toward lymphoid development with initially high B-cell counts, myelomonocytic development is relatively minor, and engraftment levels usually start to decline 4-6 mo after transplantation. Moreover, the xenogenic engraftment of human cells into mice requires transplantation of large numbers of cells compared with the numbers that are sufficient for the optimal engraftment of mouse hematopoietic stem and progenitor cells into mice, or human cells into humans, respectively (13) . Furthermore, in contrast to mouse HSCs transplanted into mouse recipients (14) , human HSCs do not expand, and there is no definitive evidence for lifelong maintenance in the xenogeneic mouse environment (13) . Thus, the mouse background provides a suboptimal environment to study the physiology of human HSCs. We therefore hypothesized that this defect might be due to absence or limited cross-reactivity of growth factors required to support the function and maintenance of HSCs (13, 15) .
Thrombopoietin (TPO) was initially identified as a growth factor that promotes the development of megakaryocytes and platelets (16) (17) (18) (19) (20) (21) (22) . TPO is constitutively produced by the liver and the kidneys and released into the blood circulation. The receptor for TPO, c-Mpl, is expressed by hematopoietic stem and progenitor cells in the bone marrow. C-Mpl is also expressed on circulating platelets. However, the binding of TPO on platelets does not activate any signaling pathway. Thus, thrombocytes act as a sink or scavengers for TPO and contribute to negative regulation of thrombopoiesis. Subsequently, TPO has been recognized for its important function to support the expansion and selfrenewal of HSCs (23, 24) . In adult mice, TPO deficiency leads to reduced numbers of HSCs, and the presence of TPO is needed to maintain adult HSCs in quiescence (25, 26) . Furthermore, TPO is required to support posttransplantation expansion of mouse HSCs, necessary to replenish the hematopoietic compartment of irradiated hosts (23, 26) . Interestingly, it has been demonstrated that osteoblastic cells involved in forming the HSC "niche" in the bone marrow produce TPO, critical for HSC function and maintenance (25) .
Although mouse and human TPO are both-sided cross-reactive to the respective cognate receptors when used at supraphysiological doses in vitro, affinity and biologic activity might differ when the cytokine acts at limiting, physiological doses in context of an in vivo environment, particularly in the microenvironment of the HSC niche in the bone marrow. We thus hypothesized that mouse TPO might not provide an appropriate stimulus to the human c-Mpl receptor in vivo and, therefore, could account for the impaired properties of human HSCs in the mouse environment. To correct this potential defect, we replaced the gene encoding mouse TPO by its human counterpart in Rag2 To determine whether human TPO is faithfully expressed in these mice, we first extracted total RNA from a variety of organs from a TPO h/m mouse, and we observed a similar pattern of expression for both mouse and human mRNA encoding TPO by RT-PCR (Fig. 1A) (Fig. 1C) . The concentrations measured for human TPO were ≈10-fold lower than mouse TPO. However, this difference is consistent with the respective physiological concentrations reported in healthy human and mouse (Fig.  1C) . The expression of human TPO is highly regulated at the posttranscriptional level by mechanisms that involve alternative splicing and restriction of the initiation of translation (28, 29) . These mechanisms ensure that the serum concentration of TPO is maintained at a low level. Patients carrying mutations leading to dysregulated translation of TPO have increased levels of circulating TPO and develop hereditary thrombocythaemia (29) . The posttranscriptional mechanisms of mouse TPO have not been studied in detail. Nevertheless, these observations suggest that the concentrations of human TPO measured in the serum of TPO h/h mice reflect physiological human values, which are of importance for normal human hematopoieisis. + cells purified from cord blood or fetal liver and analyzed engraftment in bone marrow 3-4 mo or 6-7 mo later. Although the total cellularity was comparable in both groups ( Fig. S2 A and B) , we observed a significant increase in the percentages ( Fig. 2 A and recipients at both time points. In contrast, we did not observe any improvement in human engraftment in the bone marrow of heterozygous TPO h/m recipients ( Fig. S2E ), suggesting that complete mouse Tpo deficiency and/or two copies of the human TPO allele are required to support human hematopoiesis.
Interestingly, TPO h/h recipients also displayed a lower engraftment variability, with an at least 80% human chimerism in 75% of the mice at 3-4 mo (Fig. 2B ). The effect of homozygous TPO replacement did not depend on the source of the human CD34 + cells, because a similar increase in chimerism in TPO h/h hosts was observed with cells derived from cord blood and from fetal liver (Fig. S2D ). Finally, although numbers of human cells declined in TPO m/m hosts between the early and later time , and TPO h/h mice (in pg/mL, mean ± SD, n = 7-9). ND, not detected. The normal ranges indicated are from R&D Systems, Thrombopoietin Quantikine kits. points, they remained constant in TPO h/h animals ( Fig. 2C and  Fig. S2C ). These results are consistent with the previously described functions of TPO in the mouse. First, TPO favors the expansion of HSCs after transplantation into irradiated recipient mice, leading to increased engraftment levels (23, 26) ; second, it favors the maintenance of adult HSCs, leading to sustained hematopoiesis throughout adult life (26) .
Effect of TPO Humanization on Mouse and Human Platelets. Because TPO is well-known for its nonredundant function on thrombopoiesis (22), we determined whether TPO humanization affected platelet development. Humanization of both alleles of the TPO gene led to an approximately twofold reduction in mouse blood platelet counts of nonengrafted Rag2 (Fig. 3A) . After engraftment with human cells, we found that the counts of mouse platelets in TPO h/h mice were further decreased, to <25% of normal values (Fig. 3D) . The ratio of human to mouse platelets ( Fig. 3 B and C) , as well as the absolute counts of human platelets (Fig. 3E ), tended to be higher in TPO h/h mice than in TPO m/m , but none of these differences reached statistical significance. Furthermore, the percentage of bone marrow megakaryocytes (CD41a + cells) among human cells was comparable in both strains (Fig. 3F) . The mouse population of megakaryocytes (CD42b + ) was also unaffected by the gene replacement in both nonengrafted and engrafted mice. These results demonstrate that levels or biologic activity of human TPO reached by our knock-in strategy are not sufficient to fully replace mouse TPO function and furthermore suggest that human TPO on its own is not sufficient to support human thrombopoiesis in the mouse environment.
Multilineage Hematopoiesis in TPO-Humanized Mice. Next, we determined whether human TPO could favor multilineage differentiation of human hematopoietic stem and progenitor cells in vivo. As previously reported (10, 11) , the engrafted human cells predominantly gave rise to B cells (CD19 + ) in wild-type Rag2 (Fig. 4 A, C , and D and Fig. S3 B and C) . The percentage of myeloid cells (both granulocytes and monocytes) was also significantly increased in the peripheral blood of TPO h/h animals ( Fig. S3 D-F) . Accordingly, we found that the population of bone marrow progenitors phenotypically described as highly enriched in granulocyte-monocyte progenitors ( (Fig. 4E) . 5 C and D) . Overall, it resulted in a significant increase (≈2.8-fold) of absolute numbers of CD34 + CD38
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− cells in TPO-humanized mice (Fig. 5E ). Next, we characterized the Lin −
CD34
+ CD38 − population based on the expression of CD90 and CD45RA. The CD90 + CD45RA − fraction has been described as highly enriched in long-term stem cells that are functionally able to establish multipotent hematopoiesis in vivo and to generate successful secondary transplants (34 (Fig. 5 F and G) . Thus, based on cell surface immunophenotype, human TPO favors populations of cells known to be highly enriched for HSCs.
To address the functional properties of this cell population, we purified human CD34 + cells from the bone marrow of TPO m/m and TPO h/h mice and assessed them in methylcellulose colony formation assays in vitro. The formation of CFU-GEMM, CFU-G, and CFU-M was modestly higher in human CD34 + cell samples isolated from TPO h/h compared with TPO m/m mice (Fig. S4 ). The capacity of HSC to maintain and/or self-renew in vivo is best demonstrated functionally by successful secondary transplants. "Scid repopulating cells" (SRCs) that serially engraft in mice represent the surrogate experimental "gold standard" for human HSC function (35) . We therefore purified human CD34 + cells from bone marrow of TPO m/m and TPO h/h primary recipients and transplanted them in equally low numbers (100,000 CD34
+ cells per animal) into Rag2
−/− γ c −/− newborn mice. Bone marrow of secondary recipients was analyzed 8 wk later (Fig. 5H) . Human CD34 + cells isolated from TPO m/m primary recipients had a very low capacity to serially engraft, because human CD45 + cells were detected in only 2 of 11 secondary recipients. By contrast, human CD45 + cells were present in the bone marrow of 15 of 19 mice engrafted with CD34 + cells isolated from TPO h/h primary recipients (P = 0.0012). Because the genotype of the secondary recipient mice was the same for both groups (TPO m/m ), this result indicates that the presence of human TPO in the primary recipient favored the maintenance of human cells with enhanced selfrenewal capacity.
Taken together, these results demonstrate that homozygous TPO-humanized mice represent a better environment to maintain self-renewal capacity and multilineage differentiation potential of human hematopoietic stem and/or progenitor cells.
Discussion
Significant progress has been achieved in the development of mice that sustain differentiation and function of the human hematolymphopoietic system since the publication of the first models more than two decades ago (3, 4, 7, 8) . However, several limitations remain, including (i) human cell engraftment is only transient, not lasting for the life of recipient mice (which could be due to the inherent low frequency of long-term HSC in the human CD34 + cell population, as well as to the suboptimal environment provided by the mouse host), (ii) the unphysiological bias toward the lymphoid lineage as well as poor differentiation of myeloid cells, and (iii) the variability in the engraftment levels between different individual animals, even when groups of mice are transplanted with cells from a single human donor. These limitations might be due to nonphysiologic location of human cells, residual xenoreactivity of the immunodeficient host, different composition of hematolymphoid cells in mouse and human species, and/or due to lack or insufficient mouse-to-human crossreactivity of hematopoiesis supporting factors, leading to preferential mouse cell support (13, 15) . Here, we describe a unique strain of recipient mice in which we humanized the gene encoding thrombopoietin, a cytokine with important functions in the maintenance and self-renewal of HSCs.
Upon engraftment of these mice with human CD34 + , we observed significant improvement in all three limitations listed above: bone marrow chimerism was higher and was maintained for at least 6 mo; multilineage, particularly myeloid lineage differentiation was enhanced; and variability in engraftment levels was reduced.
The concentrations of human TPO in the knock-in mice was ≈10-fold lower than the concentrations of mouse TPO, reflecting the physiological values in each species. A priori, it could be possible that the observed effect of the gene replacement is the result of a knock down of TPO expression leading to decreased mouse hematopoiesis and a concomitant competitive advantage for human cells, rather than a specific positive effect of human TPO. However, the analysis of heterozygous TPO h/m suggests that this hypothesis is unlikely, although such a competitive advantage probably contributes to the improved human cell engraftment. Specifically, the heterozygous replacement of the Tpo gene in TPO h/m mice leads to a defect in mouse HSCs that is not further exacerbated by the elimination of the second copy of the mouse gene in TPO h/h mice ( Fig. 5 A and B) . If the defect in mouse HSC was the only factor responsible for enhanced human hematopoiesis, we should observe the same increase in human hematopoiesis in TPO h/m as that observed in TPO h/h because both have the same degree of reduction of mouse HSCs. However, we did not observe any enhanced engraftment in TPO h/m compared with TPO m/m recipients (Fig. S2E) . Therefore, superior human hematopoiesis is achieved in TPO h/h mice where (i) mouse HSCs are defective, potentially increasing the space available for human cells and (ii) two copies of the human TPO gene are present to support human cell development. Both effects likely contribute to the increased human engraftment; moreover, these results argue that both genes are haploinsufficient. Besides its role in the regulation of the functional properties of HSCs, TPO is a critical cytokine required for platelet development. Replacement of the TPO-encoding gene leads to a significant decrease in mouse platelets. However, the humanization of TPO did not significantly promote human thrombopoiesis. This result suggests that additional defects exist that prevent adequate development of the human platelet formation. In fact, we detected only a very small fraction of the Lin
− CD123 − (Fig. 4H ), a population phenotypically described as highly enriched in megakarycyte/ erythrocyte progenitors (MEPs) (30) .
A major difference between the mouse and human immune systems is the fraction of granulocytes present in the blood (36, 37) . Lymphocytes are preponderant in mouse blood, whereas human blood is rich in granulocytes, a difference unclear in its significance. Interestingly, the presence of human TPO improved differentiation of human granulocytes (Fig. 4) . Thus, the presence of human TPO in recipient mice favors a balance between granulocytes and lymphocytes that better reflects the human physiological condition, a finding possibly due to better maintenance and/or differentiation of human myeloid progenitor cells.
More importantly, we show that TPO humanization favors the maintenance of a human CD34 + population that can repopulate human hematopoiesis in a secondary recipient (Fig. 5) . Hence, the Rag2
TPO h/h mouse represents a unique model to study various aspects of human stem and progenitor cell function in vivo.
Despite the clear improvement in HSC-like cell populations, as well as a better balance between the myeloid and lymphoid lineages, we did not observe any significant effect of TPO humanization on the overall engraftment levels in peripheral lymphoid tissues or in the percentages of B and T cells (Fig. S5) . This result could be explained by different factors. (i) Although the recipient mice are sublethally irradiated before transplantation, a large population of radiation-resistant mouse myeloid cells is still present. Among those cells, macrophages are able to phagocyte human cells and limit the overall engraftment levels in the periphery (38) (39) (40) (41) (42) . (ii) Human cells may require additional factors to favor their terminal differentiation, egress from the bone marrow, and/or their survival in the periphery. (iii) Finally, although secondary lymphoid organs are formed in humanized mice, their structure is not optimal compared with human tissues (10, 13) . This partially defective structure might represent a limit to the number of human cells that can survive in these organs. Thus, additional gene replacements will be necessary to further improve the mouse recipients.
The two most widely used mouse models as recipients for human hematopoietic cells are either the BALB/c Rag2 −/− γ c −/− or the NOD-SCID γ c −/− strains. Our approach required the ability to serially target ES cells to efficiently introduce genetic modifications into the mouse genome. Therefore, we chose to use the heterozygote BALB/c × 129 genetic background, which could be reproducibly and serially targeted by homologous recombination and retain viability and pluripotency. ES cells derived from pure BALB/c and NOD genetic backgrounds have become available recently, but serial targeting by homologous recombination has yet to be shown.
With both BALB/c and NOD pure backgrounds, the interpretation of the engraftment results are complicated by the high variability between individual recipients. Although BALB/c and 129 alleles segregate randomly in our model, it does not seem to drastically increase the variability compared with the results reported with pure genetic backgrounds (10, 11, 43) . Indeed, despite this increased genetic variability, TPO h/h recipients present more consistent levels of human chimerism in the bone marrow than other models.
Several studies point to a superior capacity of NOD-SCID γ c that it is particularly true for secondary lymphoid tissues. However, the human chimerism in the bone marrow and thymus is comparable in NOD-SCID γ c −/− and BALB/c Rag2 −/− γ c −/− . Therefore, although we did not perform a direct side-by-side comparison, these observations suggest that the TPO h/h mice represent an improvement relative to both BALB/c Rag2 −/− γ c −/− and NOD-SCID γ c −/− to study the bone marrow stages of human hematopoiesis. Furthermore, the serial stepwise humanization of additional genes, permitted by the use of BALB/c × 129 ES cells, should further improve different aspects of human hematopoiesis in our model in the near future.
In conclusion, with human TPO knockin mice, we provide a unique model that can be useful to study in vivo physiology of human hematopoiesis in general and human hematopoietic stem and progenitor cells in particular. Moreover, we postulate that these mice might be valuable to sustain in vivo human hematopoietic malignancies that originate from early hematopoietic cells, such as myeloid leukemias and myeloproliferative neoplasias. More generally, we show that gene replacement is a powerful strategy, which holds great promise to bring further progress to the field of humanized mice.
Experimental Procedures
The human TPO knock-in mice were generated by using the VELOCI-GENE (27) and VELOCIMOUSE (44) technologies, as described in the SI Experimental Procedures.
Recipient mice were engrafted with human hematopoietic progenitors as described (10) . The mice were killed, and the engraftment of human hematopoietic cells was analyzed 3-4 or 6-7 mo later. All these procedures are detailed in SI Experimental Procedures.
